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Inversion-symmetric crystals are optically isotropic and thus naively not expected to show dichro-
ism effects in optical absorption and photoemission processes. Here, we find a strong linear dichroism
effect (up to 42.4%) in the conduction band of inversion-symmetric bilayer MoS2, when measur-
ing energy- and momentum-resolved snapshots of excited electrons by time- and angle-resolved
photoemission spectroscopy. We model the polarization-dependent photoemission intensity in the
transiently-populated conduction band using the semiconductor Bloch equations and show that
the observed dichroism emerges from intralayer single-particle effects within the isotropic part of
the dispersion. This leads to optical excitations with an anisotropic momentum-dependence in an
otherwise inversion symmetric material.
Optical selection rules in absoprtion experiments are
powerful tools that can be used to determine the sym-
metry of electronic states in solids [1]. Given the simi-
larity of the processes underlying optical absorption and
photoemission, selection rules have also been exploited in
angle-resolved photoemission spectroscopy (ARPES) for
decades [2]. More recently, optical dichroism has been
used in ARPES to study orbital degrees of freedom [3–
5], as well as the Berry curvature of the initial Bloch
states [6, 7]. A particularly interesting opportunity for
polarization-dependent excitations arises in single-layer
(SL) transition metal dichalcogenides (TMDCs) such as
MoS2, where the helicity of circularly polarized light
strongly couples to the valley and spin degrees of free-
dom [8, 9], permitting the generation of a finite valley
polarization [10, 11].
Adding time-resolution (TR) to ARPES in a pump-
probe experiment leads to a process involving two opti-
cal excitations. This opens the possibility of exploiting
not only the selection rules governing the photoemission
process, but also those giving rise to the initial optical
excitation into a transiently populated conduction band
(CB) state [12–18]. Indeed, the creation of a finite valley-
polarization in SL WS2 has recently been followed in mo-
mentum space by TR-ARPES using circularly polarized
pump pulses [19, 20]. Here, we extend such an experi-
ment to the case of bilayer (BL) MoS2 in the 2H struc-
ture, which is inversion-symmetric and hence an optically
isotropic material. Surprisingly, we observe a substantial
linear dichroism effect. Our results can be reconciled with
the momentum-dependent excited state population de-
termined by solving the semiconductor Bloch equations
within the framework of a low energy k ·p model that ac-
counts for intra- and interlayer interactions between the d
orbitals forming the valence band maximum (VBM) and
conduction band minimum (CBM) around K¯ (K¯′). These
findings underline the necessity of accounting for selec-
tion rules governing the optical excitation in addition to
the photoemission matrix elements when interpreting the
intensity in dichroic TR-ARPES.
Our BL MoS2 sample is grown on Ag(111) and has
predominantly one domain orientation, as determined by
X-ray photoelectron diffraction measurements [22, 23].
TR-ARPES spectra are collected in the ultra-high vac-
uum end-station at the Artemis Facility at the Central
Laser Facility using the scattering geometry depicted in
Fig. 1(a) [23]. A 32.5 eV probe pulse with a linear po-
larization fixed parallel to the scattering plane is used,
following an optical excitation with a 2 eV pulse. The
time resolution is 40 fs and the sample temperature is
300 K. We tune the polarization of the pump pulse to
obtain arbitrary elliptical polarizations, including linear
parallel (p) and perpendicular (s), with respect to the
scattering plane. TR-ARPES measurements have been
performed near either K¯′ or K¯ by an azimuthal rotation
of the sample.
The photoemission intensity at a time delay, ∆t, before
excitation (∆t < 0) is shown in Fig. 1(b). The spectrum
mainly resembles the bare dispersion of BL MoS2 (or-
ange curves) [24] while the intensity from the Ag(111)
bulk states (expected in the blue hatched area) is very
faint. The intensity of the global VBM of BL MoS2 (up-
per band at Γ¯) is strongly suppressed at the energy of
the probe pulse, but it is clearly visible at higher pho-
ton energies when measured with static ARPES [23, 25].
Figure 1(c) displays the intensity difference between the
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FIG. 1. (a) TR-ARPES setup: Geometry of the scattering plane with definitions of coordinate system {xˆ, yˆ, zˆ}, photoelectron
wavevector kf and polarization vectors {eˆp, eˆs} of the light pulses. The orientations of the BL MoS2 lattice and the Brillouin
zone (BZ) are shown for the measurement geometry. The dashed line on the BZ marks the measurement direction. (b) ARPES
intensity along the Γ¯-K¯′ high symmetry direction before arrival of the pump pulse (∆t < 0). (c) Intensity difference between
the spectrum in (b) and one obtained at the peak of the optical excitation at ∆t = 40 fs with a s-polarized pump pulse. The
dispersion of BL MoS2 has been overlaid (orange curves) together with the bulk continuum of Ag(111) [21] (blue hatched area)
in (b)-(c). (d)-(f) EDCs of the intensity difference for different pump polarizations, fitted with Gaussian peaks for the CBM at
(d) K¯′ and (e) K¯, respectively, as well as (f) for the VBM at K¯′. (g) Time dependence of the estimated spectral weight W from
(d) fitted with a function composed of an exponential rise and a single exponential decay with the given time constants τi.
equilibrium spectrum in panel (b) and an excited state
spectrum collected at the peak of optical excitation at
∆t = 40 fs with a s-polarized pump pulse. The domi-
nant features are a strong excitation of electrons around
the local CBM at K¯′ (positive intensity difference) and
an excitation of holes that peaks at the local VBM at
K¯′ (negative intensity difference). The red/blue inten-
sity difference associated with the rest of the valence
band (VB) is mainly caused by a linewidth broadening
of the entire band, which is induced by the pump pulse
as observed in TR-ARPES measurements of other mate-
rials [26]. From these data we extract an indirect gap of
(1.49±0.06) eV from Γ¯ to K¯′ and a direct gap at K¯′ of
(1.90±0.04) eV, which is close to resonant with our 2 eV
optical excitation.
Energy distribution curves (EDCs) of the intensity dif-
ference in the CBM averaged over a momentum range
from -0.2 to 0.2 A˚−1 around K¯′ are shown with Gaus-
sian fits for s- and p-polarized pump pulses in Fig. 1(d).
EDCs are also shown for polarizations generated by ro-
tations of the half-waveplate midway between s- and p-
polarizations, which we assume to be circular and there-
fore label σl and σr [23]. A strong change is visi-
ble between the intensity difference spectra of s- and
p-polarized pulses, while a smaller change is seen be-
tween σl- and σr-polarizations. We quantify dichroism as
ρij = (W (i)−W (j))/(W (i) +W (j)), where i 6= j labels
s- and p- or σl- and σr-polarization and W represents the
corresponding spectral weight, determined as the area of
the EDC fits. At K¯′ we then obtain ρps = 42.4 % and
ρσlσr = 19.7 %. A similar EDC analysis for the CBM at
K¯ is presented in Fig. 1(e) and exhibits a reversal and re-
duction of the linear dichroism effect with ρps = −15.2 %
and likewise ρσlσr = −4.7 %. EDCs of the VBM at K¯′ in
Fig. 1(f) do not permit us to clearly distinguish dichro-
ism from the overall noise level in this spectral region.
We speculate that ultrafast momentum relaxation of the
holes involving the remaining VB states leads to a loss of
polarization information of the holes on a faster timescale
than we can resolve with our experimental setup.
The time- and polarization-dependence of the spectral
weight W at K¯′ is shown in Fig. 1(g). In all cases we
find that the decay part is well described by single ex-
ponentials with the time constants τi given in Fig. 1(g).
The values of τi are similar for all cases and indicate that
the carriers are rapidly scattered into the metal substrate
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FIG. 2. (a) BL MoS2 dispersion around K¯ determined within
a k·p model. The energy split VB states are labeled v1 and v2
and the CB states are labeled c1 and c2. The direct band gap
of Eg = 1.9 eV is marked by an arrow. (b) Optically induced
population in the CB states obtained at q = (0.16, 0) A˚−1
(indicated by the green dot in (d)-(f)) by solving the semicon-
ductor Bloch equations for p-, σ- and s-polarized light. (c)
Photoemission intensity calculated at qy = 0 and qx-averaged
from -0.22 to 0.22 A˚−1, as shown by the dashed black line
in (d)-(f), as a function of pump pulse polarization θ for SL
MoS2 (dashed green) and BL MoS2 (solid purple). (d)-(e)
Momentum-dependent photoemission intensity calculated for
(d) p- and (e) s-polarized pump pulses. The color scale in (d)
also applies to (e). (f) Intensity difference obtained by sub-
tracting the data in (e) from that in (d). The constant energy
cuts in (d)-(f) were obtained at Eq = 1.15 eV as shown via a
dashed horizontal line in (a).
[16, 26]. The excitation signal is detectable up to 300 fs
while the dichroic signal exceeds the noise level for only
85 fs.
We seek an explanation of the measured dichroism by
calculating the polarization-dependent photoemission in-
tensity from the transiently populated CB around K¯. A
full account of the theory is given in Ref. 27. As a sim-
plified expression we use
In(E, q, θ) ∝ |Mn(q)|2An(E, q)fexcn (q, θ), (1)
where An is the photohole spectral function and fexcn is
the excited state population in the CBs, which we treat as
two-fold degenerate and label with the index n ∈ {c1, c2}
where c1 and c2 are the two states. The wave vector is
measured from K¯ and expressed as q = (qx, qy) in units
of
√
3/a where a = 3.16 A˚ is the MoS2 lattice constant.
The one-electron dipole matrix element (Mn) describ-
ing photoemission from the CB near K¯ is determined by
the simple assumption that the initial Bloch state (ψn) is
matched to a single free-electron final state in the photoe-
mission process. This assumption leads to the expression
Mn(q) ∝ eˆp ·kf 〈kf |ψn(q)〉, where eˆp is the polarization
unit vector of the probe pulse (see Fig. 1(a)) and kf
is the wavevector of the free electron [27, 28]. The wave
functions and dispersion are determined by diagonalizing
a k · p Hamiltonian given by
HˆBL(q, τz, sz) =
ñ
HˆSL(−q,−τz, sz) Hˆ⊥(q, τz)
Hˆ†⊥(q, τz) HˆSL(q, τz, sz)
ô
,
(2)
where HˆSL is the Hamiltonian for SL MoS2 including
trigonal warping effects [29–31], and Hˆ⊥ accounts for the
weak interlayer interaction in BL MoS2 [23, 32, 33]. Fur-
thermore, τz = ±1 and sz = ±1 denote the valley and
spin indices, respectively. The corresponding dispersion
relation is presented in Fig. 2(a).
To simulate the transient CB population generated by
the pump pulse we model the electric field as an ultra-
short pulse given by E(∆t) = ˆ(θ)E0 cos(ω0∆t)e−(
∆t
τ0
)2 ,
where ˆ(θ) = eˆp cos θ+ i eˆs sin θ is the polarization of the
pump pulse with unit vectors eˆp and eˆs defined accord-
ing to the scattering geometry in Fig. 1(a). Experimen-
tal values are used as input for the electric field strength
E0 = 0.87 V/nm (determined by the measured pump spot
size and fluence), the pulse energy ~ω0 = 2.0 eV and the
pulse duration τ0 = 30 fs. We then solve the semicon-
ductor Bloch equations [34] as described in detail in Ref.
27, and obtain the excited CB population shown in Fig.
2(b). There is no decrease of the excited state population
in time as we have neglected any relaxation processes.
As we shall see below, the dichroism in the excited state
vanishes exactly at K¯. The plot has therefore been made
at the point q = (0.16, 0) A˚−1, which clearly reveals a
strong polarization-dependence of the population at fi-
nite q. The noticeable cusps in the early stages of the
excitation are strongly dependent on the model param-
eters and are not considered in further detail here since
they can not be resolved in our experiment. For the res-
onance condition |~ω0−Eg|  ~/τ0 around K¯ (i.e. small
q), we can write the population as [27]
fexcn (q, θ) ≈
Å√
piτ0eE0
4Eg
ã2∑
m
|Mnm(q, θ)|2, (3)
where Eg = 1.9 eV is the measured direct band gap,
the sum is over the two valence bands, m ∈ {v1, v2},
and Mnm is the velocity matrix element describing
the interband transition and is given as Mnm(q, θ) =
〈ψn(q)|ˆ(θ) ·∇qHˆBL|ψm(q)〉. Note that, since we only
consider the fully excited state and neglect relaxation in
the model, we drop the dependence on ∆t. After sum-
ming over the possible transitions from the VB to the
two-fold degenerate CB, we can formally write the ex-
cited state population as [27]
fexc(q, θ) ∝ 1 + flin(q) cos(2θ) + fcirc(q) sin(2θ), (4)
4where flin and fcirc are spin-, valley- and momentum-
dependent pre-factors that determine the weight be-
tween the linear (cos(2θ)) and circular (sin(2θ)) dichro-
ism terms.
We calculate the intensity using Eq. (1) based on the
assumption that the photoemitted electrons from the CB
at q stem exclusively from pumping into this state and
not from the decay of higher lying states. In our case, this
is a justified assumption because of the resonant pumping
condition. Moreover, we neglect many-body interactions
and therefore disregard any recombination effects. Since
our TR-ARPES spectra were collected along the Γ¯-K¯ di-
rection and the dichroism was extracted for a k-range
covering the CBM, we calculate the intensity resulting
from the resonant excitation to the CB at qy = 0 and
sum over qx from -0.22 to 0.22 A˚
−1 for all possible pump
pulse polarization angles, as shown for both SL and BL
MoS2 in Fig. 2(c). Our model recovers strong circular
dichroism in SL MoS2 (valley-polarization), but with a
slightly asymmetric polarization-dependence due to a fi-
nite contribution from the linear dichroism term in Eq.
(4) at finite q. In BL MoS2 the circular dichroism term is
absent, due to inversion symmetry, and we only observe
the cos(2θ) dependence.
The complete (qx, qy)-dependent photoemission inten-
sity in the CB of BL MoS2 is shown for p- and s-polarized
excitations in Figs. 2(d)-(e), respectively. The intensity
difference between these cuts is shown in Fig. 2(f), where
the blue (red) color signifies a negative (positive) sign
corresponding to a momentum-dependent linear dichro-
ism effect. Neglecting spin-orbit coupling and trigo-
nal warping, the leading intralayer contribution to this
momentum-resolved linear dichroism is
flin(q) ≈ 2 t
2
1 − 2E0Eg
E2g
q2 cos(2φ), (5)
where t1 is the intralayer effective hopping parameter
which we set equal to 2.0 eV, φ = arctan(qy/qx) is the
azimuthal angle of vector q and E0 = 3~2/4µa2 with the
reduced mass of electron-hole pairs given as µ ∼ 0.15m0.
The interlayer coupling term (Hˆ⊥) in Eq. (2) cancels af-
ter summing over the optical transitions to the two-fold
degenerate CB. Furthermore, Eq. (5) shows that linear
dichroism only appears at finite momentum (q), that it
cancels when azimuthally averaging over momentum and
that the modulation depends on the intralayer interac-
tion strength t1. Finally, circular dichroism is absent in a
perfectly inversion-symmetric BL when neglecting exter-
nal influences, because fcirc(q) ≈ τz(−τz) for the bottom
(top) layer, and thus τz + (−τz) = 0 when summing over
layers.
The general form of the occupation function writ-
ten in Eq. (4) shows that the intensity in polarization-
dependent TR-ARPES spectra can be decomposed into
linear and circular dichroism contributions. We explore
this idea further by fitting the measured θ-dependent
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spectral weight (W ) at the peak of the optical excitation
to an energy- and k-integrated form of the intensity in
Eq. (1) with the expression in Eq. (4) implemented. The
spectral weight and the results of the fitting are presented
at K¯′ and K¯ in Fig. 3. The fits provide the amplitudes
f¯lin and f¯circ, which represent an average over the k-range
used to determine W . The values are stated in Fig. 3
and reveal that both the cos(2θ)- and sin(2θ)-terms are
significant in our sample. The cos(2θ)-dependence is in
agreement with the model around K¯ for BL MoS2. The
sign-change between K¯′ and K¯ of the cos(2θ)-terms is not
explained by our simple model and may arise due to a
strong anisotropy of the photoemission matrix element
(Mn) as described in Ref. 27. Many-body interactions
such as carrier scattering between the two valleys and re-
combination can lead to additional contributions to the
intensity that are neglected in our non-interacting model.
The finite f¯circ could originate from symmetry breaking
due to the substrate or due to the surface-layer sensitiv-
ity of ARPES [35]. Additionally, the TR-ARPES signal
might be influenced by a minor presence of single-domain
SL MoS2 areas on the sample.
Our results show that unexpected dichroism can
emerge in energy- and momentum-resolved measure-
ments of transiently populated states even in inversion
symmetric materials with an isotropic electronic struc-
ture. We have provided a simple model to deconvolve
the linear and circular components of the dichroism,
which can be linked to the intralayer single-electron
hopping in the case of BL MoS2. We believe that
5future TR-ARPES experiments with access to energy-,
momentum-, time- and polarization-degrees of freedom
in the full BZ will make it possible to uncover the role
of single-particle effects and carrier-carrier scattering
in shaping the dichroic signal in multiple valleys. Ex-
tending these methods to other material systems may
lead to the possibility of observing complex topologi-
cal properties of unoccupied states such as the Berry
curvature, in addition to valley dependent selection rules.
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7SUPPORTING INFORMATION
Growth and photoelectron diffraction of
single-domain BL MoS2
The growth and characterization of MoS2 samples were
carried out at the SuperESCA beamline [1] at the Elet-
tra Synchrotron radiation facility in Trieste, Italy. The
Ag(111) substrate was cleaned by repeated cycles of Ar+
ion sputtering at 1 keV and annealing up to 823 K for 10
minutes. X-ray photoemission spectroscopy (XPS) spec-
tra were used to check the cleanliness of the substrate
surface and did not detect any trace of contaminants,
with a sensitivity less than 1%. The long range order of
the surface was verified with low energy electron diffrac-
tion (LEED), which showed a well defined 1x1 pattern.
The growth was monitored and guided by means of
fast XPS and consisted of dosing Mo from a home built
evaporator, while keeping the Ag substrate at 823 K and
dosing H2S (nominal purity 99.8 %) through a leak valve
at background pressure of 2×10−7 mbar. The Mo de-
position rate was estimated by means of a quartz mi-
crobalance and amounted to 3×10−3 ML/minute (where
a monolayer (ML) is here defined as the surface atomic
density of the Ag(111)). Therefore, the total amount of
Mo deposited in 15600 s was ≈0.78 ML. The final BL
MoS2 coverage was determined by looking at the attenu-
ation of the Ag 3d core level and determined to be ≈40 %
assuming only BL MoS2.
High-resolution Mo 3d core level spectra were mea-
sured at normal emission on the as-grown MoS2 sample
fixed at room temperature, using a photon energy of 360
eV. The overall energy resolution was less than 50 meV.
All binding energies are referenced to the Fermi level of
the Ag substrate. XPS measurements of the Mo 3d and
S 2p core levels were necessary to optimize the growth
parameters to obtain pure MoS2. The formation of par-
tially sulfided Mo would be evident by XPS peaks at
binding energies lower than the ones attributed to MoS2
and could be actively avoided by tuning the growth pa-
rameters during synthesis. [2].
Fig. 4(a) shows the high resolution Mo 3d core level
spectra together with the spectral contributions result-
ing from the peak fit analysis. From this analysis it is
not possible to ascertain the bilayer character of MoS2,
since the Mo 3d5/2 core level only shows a single com-
ponent. However, peak components are not a decisive
indicator of thickness as the Mo atoms could be in chem-
ically similar environments. For this reason the presence
of the BL MoS2 was verified through the ARPES mea-
surements, described in Supplementary Section 2. In or-
der to demonstrate the single-orientation character of the
top MoS2 layer in the analysis below, we assumed that
only BL MoS2 regions are present on the surface (i.e.
there are no monolayer or trilayer regions).
The X-ray photoelectron diffraction (XPD) pattern for
Mo 3d5/2, shown in Fig. 4(b), was used to determine
the orientation of the BL MoS2. The pattern was ob-
tained by collecting about 40 azimuthal scans over a
wide azimuthal sector of 120◦, from normal (θ=0◦) to
grazing (θ=70◦) emission, measuring the Mo 3d5/2 core-
level region. The intensity I(θ, φ) of each component
resulting from the fit of the spectra –i.e., the area un-
der the photoemission line –was extracted. The resulting
XPD pattern is the azimuthal equidistant polar projec-
tion (AEPP) of the modulation function χ defined as
χ =
I(θ, φ)− I0(θ)
I0(θ)
, (6)
where I0(θ) is the average intensity for each azimuthal
scan at polar angle θ. The evaluation of the percentage of
main and mirror domains was performed by comparing
measured XPD patterns to multiple scattering simula-
tions using the program package for Electron Diffraction
in Atomic Clusters (EDAC) [3]. The simulated atomic
structure is reported in Fig. 4(c) and shows two MoS2
layers arranged according to the so called 2H structure,
where Mo and S atoms of the upper layer sits on top S and
Mo atoms of the lower layer, respectively. In the simula-
tions we only accounted for the BL MoS2, and neglected
the Ag substrate, which is appropriate because of the lack
of a specific local adsorption configuration of MoS2 on the
substrate due to the lattice mismatch with Ag(111). For
simplicity, the domain sizes are assumed to be sufficiently
large so that we can neglect boundary effects [4, 5]. The
possibility of two coexisting mirror-domain orientations
is taken into account as an incoherent superposition of
the intensities that would be expected to arise from the
two layer orientations depicted in Fig. 4(c). The lat-
tice parameter and the S-S inter-plane distance used in
the simulations are 3.17 A˚ in accordance with the values
reported in Ref. [6] for MoS2 on Au(111). The agree-
ment between simulations and experimental results was
quantified by computing the reliability factor (R) [7]
R =
∑
i(χexp,i − χsim,i)2∑
i(χ
2
exp,i + χ
2
sim,i)
, (7)
where χsim,i and χexp,i are the simulated and the exper-
imental modulation functions for each emission angle i.
Fig. 4(d) shows a minimum of the R-factor when only
the main orientation is considered in the simulation.
The estimation of the accuracy on the evaluation of
the percentage of mirror oriented domains was deduced
from the R-factor confidence interval defined as [8]
∆Rmin = Rmin
…
2
N
, (8)
where Rmin is the minimum R-factor value and N is the
number of well-resolved peaks in the XPD pattern (N ∼
250) i.e., the approximate number of peaks, considering
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FIG. 4. Characterization of BL MoS2 orientation using photoelectron diffraction. (a) High resolution Mo 3d core
level spectra together with the spectral contributions resulting from the peak fit analysis (photon energy hν=360 eV). (b)
Azimuthal equidistant polar projection (AEPP) of the integrated photoemission intensity modulation as a function of emission
polar (θ) and azimuthal (φ) angles for the Mo 3d5/2 core level (photon energy hν = 480 eV; Ek ∼ 251 eV). The colored sector
is the experimental data while the simulated pattern is shown in grey. (c) Experimental geometry for XPD with analyzer
and X-ray beam lying in the horizontal plane at an angle of 70◦ from each other.(d) R-factor behavior as a function of the
percentage of mirror orientation. The inset shows a magnification around the minimum of the R-factor, with the dashed lines
indicating the confidence interval.
the whole 40 azimuthal scans acquired at different polar
emission angles (θ). From this analysis it turns out that
less than 15% of the BL MoS2 domains assume the mirror
orientation.
High resolution ARPES measurements
In addition to XPD and TR-ARPES measurements,
static ARPES measurements of the same BL MoS2 sam-
ple were acquired at the SGM3 ARPES endstation at
the ASTRID2 synchrotron in Aarhus, Denmark [9]. The
sample was annealed to 770 K for 10 min to remove ad-
sorbates. Spectra were collected at a variety of photon
energies ranging from 31 to 120 eV. The total energy and
angular-resolutions were 40 meV and 0.2◦, respectively,
and the sample temperature was kept at 70 K throughout
the measurements.
The ARPES spectrum shown in Fig. 5(a), obtained at
a photon energy of 80 eV, confirms the formation of a bi-
layer by the appearance of the two characteristic bands
at Γ¯ originating from out-of-plane coupling of S pz or-
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FIG. 5. Static ARPES measurements of BL MoS2. (a)
ARPES intensity along the high symmetry K¯-Γ¯-K¯′ direction
of BL MoS2 on Ag(111) acquired at a photon energy of 80
eV. (b) Photon energy dependence of Γ¯1 and Γ¯2 bands at the
Γ¯-cut marked by a dashed line in (a).
bitals, exhibiting a splitting of (720 ± 10) meV consis-
tent with theoretical calculations [10]. Additionally, we
9observe the expected spin-splitting of (130 ± 5) meV at
K¯. The bands at Γ¯, labeled Γ¯1 and Γ¯2, do not disperse
with photon energy, as shown in Fig. 5(b), demonstrat-
ing that both states have 2D character. The observed
splittings at Γ¯ and K¯ as well as the bandwidth of the
topmost valence band measured along the K¯-Γ¯ direction
are consistent with calculated bands for the 2H-stacking
of BL MoS2 [10].
Experimental details of TR-ARPES experiment
The BL MoS2 on Ag(111) crystal was transported from
ASTRID2 through air and inserted into the ultra-high
vacuum end-station at Artemis, and annealed to 620 K
to remove any adsorbed surface contaminants. The sam-
ple was then kept at room temperature throughout the
measurements.
A 1 kHz Ti:sapphire amplified laser with a pulse dura-
tion of 30 fs, a wavelength of 785 nm and an energy per
pulse of 12 mJ was used to generate the pump and probe
pulses. Probe pulses with a photon energy of 32.5 eV
were achieved using high harmonic generation, by the fo-
cusing of a part of the fundamental laser energy inside a
jet of Ar gas. The energy of the pump pulses was tuned
to 2.00 eV (621 nm) using an optical parametric amplifier
(HE-TOPAS) followed by a frequency mixing stage. The
fluence of the pump pulse was kept around 3 mJ/cm2
in order to optimize the excitation density while avoid-
ing space-charge effects in the photoemission signal. The
time delay between the two pulses was varied using a
mechanical delay line. The energy, angular, and time
resolution were 400 meV, 0.3◦, and 40 fs, respectively.
The elliptical polarization of the pump pulses was
tuned using a motorized half-waveplate followed by a
fixed quarter-waveplate (Fig. 6(a)). The beam was then
deflected on a silver-coated mirror before hitting the sam-
ple. The polarization angles were calibrated by moving
the sample out of the beam path and sending the beam
through a window flange on the chamber and into a po-
larizing beam splitter, as shown in Fig. 6(b). The result-
ing photodiode current was fit using a sinusoidal func-
tion to extract the peak positions for s- and p-polarized
light (56◦ and 102◦ respectively). The conversion be-
tween waveplate angle and polarization angle, as defined
in the main paper, is then θ = 2(φ−56◦), with the factor
of two originating from the doubling of the angle in the
half-waveplate. We do not explicitly measure the phase
of the incident pump beam at the points midway be-
tween s- and p-polarized light, but the quarter-waveplate
in the setup would be expected to generate circular po-
larization at these points, and thus we label them σl and
σr. Whether the polarization at these points is strictly
circular does not affect our conclusions about intensity
differences at s- and p-polarizations, which are the focus
of this study.
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inserted into the path of the pump pulse to convert the in-
coming s-polarised light to any elliptical polarization. (b)
Polarizing beam splitter introduced after the sample position
to measure the s- and p-polarization components as a func-
tion of the half-waveplate angle. (c) The resulting photocur-
rent (markers) with fits (curves) as a function of φ allowing
us to determine the relative angles for s-, σl-, p- and σr-
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Equilibrium and intensity difference spectrum
Duplicates of Figs. 1(b)-(c) in the main text are given
in Figs. 7(a)-(b) without the overlaid bilayer MoS2 band
structure and Ag(111) bulk continuum lines.
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FIG. 7. TR-ARPES measurements. (a) ARPES intensity
along the K¯-Γ¯-K¯′ high symmetry direction before arrival of
the pump pulse (t < 0). (b) Intensity difference between the
spectrum in (a) and one obtained at the peak of the optical
excitation at t = 40 fs with a s-polarized pump pulse.
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Setup of BL MoS2 Hamiltonian and k · p parameters
The low-energy Hamiltonian of SL MoS2 reads as
HˆSL = d · σˆ + [λIτzsz + αq2]Iˆ + HˆTW, where σˆ =
(σˆx, σˆy, σˆz) are the Pauli matrices in the band basis,
d = (t1τzqx, t1qy, ∆ + λτzsz + βq
2) and HˆTW repre-
sents the trigonal warping term that is given in Ref.
[11]. The interlayer part of the Hamiltonian is given
by Hˆ⊥ = diag[t′⊥(τzqx + iqy), t⊥], with t⊥ = 0.045 eV
and t′⊥ = 0.0387 eV [12, 13]. We write q = (qx, qy) in
units of 1/a0 =
√
3/a, where a = 3.16 A˚ is the MoS2
lattice constant. Considering electron and hole effective
masses, we obtain α = ~2/4µ′a20 and β = E0−t21/Eg with
E0 = ~2/4µa20, where µ = memh/(mh + me) ∼ 0.15m0
and µ′ = memh/(mh − me) ∼ 1.01m0. Notice that
2∆ = Eg − λc +
»
t2⊥ + λ2v, in which Eg = 1.9 eV is
the energy gap and λc = λI + λ ∼ −5.5 meV and
λv = λI − λ ∼ 74.5 meV are the spin-orbit coupling
in the conduction and valence bands, respectively. The
intralayer interaction given by the parameter t1 is set
equal to 2.0 eV.
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